The uptake and retention of purine bases and of uracil requires both a protonmotive force and intracellular conversion to nucleotides. Inhibition of uptake by arsenate does not imply that ATP is required for the transport process because arsenate caused a rapid fall in the level of 5phosphoribosyl 1 -pyrophosphate. A mutation defective in high-affinity adenine transport has been identified and is designated purP. This mutation has been found to lie in the neighbourhood of mtl. Competition experiments indicate that at least two other systems are used to transport guanine, xanthine and hypoxanthine.
INTRODUCTION
Nucleic acid bases such as adenine can be taken up and used by most types of cell, but little is known about the mechanism of any of the transport systems. Active transport of hypoxanthine has been demonstrated in yeast (Reichert & Winter, 1974) apparently mediated by the same permease that also carries adenine, guanine and cytosine (Polack & Grenson, 1973 ; Chevallier et al., 1975) . There is also evidence in fungi (Darlington & Scazzochio, 1967; Tsao & Marzluf, 1976) and leukaemia cells (Cybulski et al., 1981) for permeases that transport more than one purine. A variety of systems have been reported in other animal cells (Cartier, 1980; Plagemann & Wohlhueter, 1980; Templeton & Chilson, 1981) .
Escherichia coli shows active, high-affinity uptake of adenine, guanine, hypoxanthine and uracil linked to nucleotide formation. Group translocation by phosphoribosyltransferases was proposed as the mechanism (Hochstadt-Ozer & Stadtman, 1971 ; Hochstadt, 1974) , but this is not supported by other evidence (Thakar & Kalle, 1968; Kocharian et al., 1975; Burton, 1977; Page & Burton, 1978; Nygaard, 1981) . Competition data suggest that there are several permeases (Roy-Burman & Visser, 1975) and energization by the protonmotive force (PMF) is indicated by the action of protonophores in an uncA mutant (Burton, 1977) . Roy-Burman et al. (1978) have claimed that adenine and uracil transport is energized by ATP, but their evidence was from unc+ strains and so is less direct.
METHODS

Bacterial techniques.
Unless otherwise stated, cultures were grown with aeration on minimal media with required supplements. Uptake was measured by filtration and washing after shaking at 37 "C in uptake medium that contained no nitrogen source but included 1 % (w/v) glucose and 0.35 mM-chloramphenicol (Burton, 1977 Levine & Taylor (1981) * P1 transduction into S0446 (Jochimsen et al., 1975) from bglR derivative of Al03c, t P1 transduction into NE553 (Burton, 1977) from S0312 (Jochimsen et al., 1975) .
Phosphoribosyltransferase activities. The method of Schmidt et al. (1976) was followed except that incubations were in a total volume of 52 p10.17 M-Tris/HCl, pH 7.3, 13 mM-MgC1, with approximately 0.5 pg bacterial extract protein. Unless otherwise stated, 0-90 p~-l~C-labelled base (about 50 Ci mol-I ) and 440 p~-5-phosphoribosyl 1pyrophosphate (PRPP) were present.
Determination of ATP. ATP was extracted from bacteria by adding 0.3 ml suspension to 2.7 ml extraction solution (30 mM-Tris plus 2.2 mM-disodium EDTA brought to pH 7.75 at 20 "C by addition of acetic acid) heated in a 150 mm x 18 mm thin-walled glass test tube immersed in boiling water. The tube was transferred into ice 90 s later. The extract was divided into portions and stored at -20 "C. For estimation of ATP, a sample was thawed and 20 pl was added to 150 p1 of the extraction solution in q 50 mm x 11 mm glass vial. Luciferase (20 p1 ATP Monitoring Reagent; LKB) was added, the vial was inserted into a 10 ml glass scintillation vial and the emitted light measured for 6 s in a Packard model 3385 liquid scintillation counter with the coincidence correction switched off. ATP (3 pmol in 20 pl) was then added to the same vial and a further measurement made as an internal standard.
Determination ofPRPP. Samples of culture (300 pl) were mixed with 7.5 p12 M-Tris/HCl, 0.08 M-EDTA (pH 7-8) in a thin-walled glass test tube already heated to 100 "C in boiling water. After 30 s, the tube was removed to ice and 200 pl of the cooled extract was added to a reaction tube that contained [6J4C]orotic acid (50 nCi, 20 nmol), 9 ymol Tris, 4-9 pmol HC1, 0.7 nmol MgC12 and 0.3 pmol IMP in 70 p1. The reaction tube was placed in a scintillation vial above a filter paper disc soaked with 0.1 ml 20% ethanolamine to absorb 14C02. The vial was closed with a rubber seal through which 10 pl yeast orotidylate phosphoribosyltransferase/OMP decarboxylase (EC 2.4.2.10) (P-L Biochemicals Inc., Milwaukee, U.S.A.) was injected into the reaction tube. The enzyme used could convert 0.38 pmol5-fluoroorotic acid into 5-fluoroUMP h-at 30 "C. The closed vials were kept at 37 "C for 16 h. The reaction was stopped by adding 50 $0.4 M-HC~ through the rubber seal. The vials were opened 10 min later and each reaction tube was lifted up while 5 ml scintillation fluid (4 g 2,5-diphenyloxazole, 70 mg 1,4bis[2-(5phenyloxazolyl)]benzene, 670 ml toluene, 330 ml Triton X-100) was squirted down the outside of the tube into the vial to allow radioactivity measurement. For calibration, 300 p1 samples of the culture medium were taken through the entire procedure, some with the initial addition of 0.1 nmol PRPP that had been standardized by a spectrophotometric method (Lieberman et al., 1955) .
RESULTS
Energetics of transport
Roy-Burman & Visser (1975) reported about 100-fold concentration of free purines and pyrimidines by E. coli deduced from experiments that involved short incubations (8 s) followed by filtration and washing. Free bases made up less than 20% of the radioactivity found on the filters and the intracellular volume was only about 0.4% of the volume of the medium. We have, Table 2 
. Effect of a protonophore uncoupler on PRPP levels
Washed cells of strain A103c (0.18 g dry wt 1l ) were shaken aerobically at 37 "C in uptake medium with no nitrogen source but containing glucose and chloramphenicol. Adenine, hypoxanthine or uracil was added to a final concentration of 1.6 p~ after pre-incubation for 15 min. 1.0 however, not been able to show convincing accumulation of free adenine or hypoxanthine in uptake periods of 15 s to 120 s even when internal utilization is minimized by deficiencies of purine phosphoribosyltransferases and of purine nucleoside phosphorylase as in strains SO609 (hpt gpt deol)) or NE5532 (apt deol)) (see Table 3 for an explanation of these symbols). Similar results were obtained for uracil uptake in a uracil phosphoribosyltransferase-deficient strain. Details of the strain were given earlier (Burton, 1977) . With [ 14C]adenine, some non-specific binding to the filters occurred. This was negligible compared to the total uptake by wild-type strains, but it posed difficulties in studying the levels of free adenine in cells. Less filter-bound free adenine was observed if bacteria were present, possibly because of metabolism during washing. If this is the correct explanation, active concentration of free bases could conceivably have occurred but remained undetected. Losses during washing may also have been important. Indeed, a concentration gradient of free adenine was not detected in a strain that was taking up adenosine and releasing adenine into the medium. This release occurred because the strain had mutations in the add (adenosine deaminase) and apt (adenine phosphoribosyltransferase) genes. An active transport system dependent upon the PMF was indicated by the inhibition of uptake by protonophore uncouplers in an uncA strain. Adenine, hypoxanthine, guanine, xanthine and uracil were all affected in a similar manner to the PMF-linked glycine transport system (Burton, 1977, and unpublished) . PRPP levels were maintained, often at higher levels when uptake was inhibited by CCCP (Table 2) . However, arsenate caused large decreases of PRPP and ATP at the same time as it inhibited adenine uptake or retention (Fig. 1) . The PMFdependent uptake of glycine or proline was little affected, but ATP-dependent methionine transport was inhibited (data not shown; Kadner & Winkler, 1975) .
PRPP in suspension ( p~)
There are several plausible explanations for arsenate causing a more rapid and more marked decrease in PRPP than in ATP. PRPP is formed by reaction of ATP with ribose 5-phosphate and the latter compound would be affected by both the decrease in ATP and the arsenolysis of nucleosides. The PRPP pool appears to be small in relation to its turnover and so would be very sensitive to changes in the rate of synthesis. A further effect of arsenate upon adenine uptake could arise via the increase of AMP concentration which inhibits adenine phosphoribosyltransferase ( Fig. 2; cf. Sin & Finch, 1972) . Consequently, the action of arsenate can be ascribed to its effects upon nucleotide formation. 
Comparisons of K,,, values
Hochstadt-Ozer & Stadtman (1971) reported similar K , values with respect to adenine for uptake rate and for phosphoribosyltransferase activity. Both of their estimates now appear to be high; 0.1-0.2 VM have been reported for uptake (Roy-Burman & Visser, 1975; Burton, 1977) , while the phosphoribosyltransferase K , has been reported as 1-3 VM (Sin & Finch, 1972) , consistent with our own data. The higher K , value for the enzyme reaction than that for uptake argues for a separate transport component for adenine. Analogous differences are known for other purines (see Roy-Burman & Visser, 1975) .
Action of analogues
Except for the effect of adenine on hypoxanthine uptake, the analogues shown in Table 3 inhibit purine or pyrimidine uptake more than the relevant phosphoribosyltransferase. Metabolism of the analogue was minimized by using mutant strains or by choosing an analogue such as 1 -methyluracil that is not a substrate for the relevant phosphoribosyltransferase.
The cross-inhibitions of uptake between adenine and hypoxanthine are weak in deoD strains, thus strengthening the argument of Roy-Burman & Visser (1975) that there are distinct permease systems for these two purines. The two systems are distinguished very clearly by 6thioguanine because it inhibits uptake of hypoxanthine strongly with much smaller effects on adenine uptake or on the phosphoribosyltransferases. Nucleic acid base transport in E. coli 3509 Table 3 
. Actions of analogues on base uptake and phosphoribosyltransferases
Uninhibited values for uptake [nmol (mg dry wt)-' min-'1 were 0-8 to 3-5 for adenine, 0.5 to 1.2 for hypoxanthine and 0.9 for uracil. Analogues were added either with the substrate or 30s earlier.
Uninhibited phosphoribosyltransferase activitites [nmol (mg extract protein)-min -'1 were 20 to 72 for adenine, 2.7 to 12 for hypoxanthine and 0-2 for uracil. Gene symbols apt, gpt and Apt indicate mutants defective in phosphoribosyltransferase activity for adenine, guanine and hypoxanthine, respectively. DeoD indicates a purine nucleoside phosphorylase mutant.
Inhibition ( The uracil permease is distinct from the purine systems (Roy-Burman & Visser, 1975; Burton, 1977) . Uracil uptake is facilitated by the internal phosphoribosyltransferase (Burton, 1977) for which GDP and GTP are positive effectors (Molloy & Finch, 1969; Fast & Skold, 1977) . Thymine is a poor inhibitor of this enzyme although it inhibits uracil uptake appreciably, presumably by acting on the permease.
Genetic studies
In attempts to obtain transport mutants by selection for resistance to purine analogues, strain S0609 (purH or J hpt gpt deoD) was transduced to pur+ and grown on Luria broth from a single colony. About lo00 viable bacteria were spread on each of a series of minimal agar medium plates supplemented with histidine and various levels of 6-mercaptopurine. Growth occurred on 1 mM-mercaptopurine because of the hpt mutation, but 20% to 30% of the colonies were also resistant to 3 m~. Several of these high-level resistant strains (e.g. NE912) took up 0.8 VM- adenine at only about 5 % of the normal rate. For comparison, strain NE9 1 1 was picked from a 1 mM-mercaptopurine plate and showed normal uptake of adenine, and sensitivity to 3 mMmercaptopurine. The two strains also differed in that NE912 was resistant to a low level (70 phi) of 2,Gdiaminopurine. The responsible gene, designated as purP, appears to determine an essential component of the high-affinity transport system for adenine. Internal utilization is not affected because high rates of adenine uptake by NE912 can be achieved by increasing the adenine concentration to 30 p~ while introduction of the deoD+ gene which can by-pass the adenine phosphoribosyltransferase (Burton, 1977) did not increase the uptake of 0.8 phiadenine. Glycine, methionine and uracil were taken up at normal rates by NE9 12 and the PRPP level was 67% of that in NE911. No change in adenine phosphoribosyltransferase was detected; 6) or adenine (c). ( d ) As (a) , but the extract was from strain NE911 which takes up adenine at wild-type rates.
the effects of various adenine and PRPP concentrations on its activity resembled those for enzyme from strains with normal adenine uptake and there was no increased inhibition by the feedback inhibitor, AMP, or by the substrate analogue, 2,6-diaminopurine (Fig. 2) . No metabolic transformation of [ I4C]adenine was detected by paper chromatography of media from NE912 incubations. Levine & Taylor (1981) suggested that the combination of hpt and gpt mutations makes E. coli very sensitive to growth inhibition by adenine. This could explain why the purine-requiring S0609 cannot grow with adenine as the only purine source (Jochimsen et al., 1975) although adenine can be used for RNA synthesis (Burton, 1977) . Indeed, neither NE911 nor 912 grow on minimal agar medium supplemented with 0.2 g adenine 1 -I . At 10 mg 1l , small colonies grew but they were somewhat larger with the purP strain NE912. Since the adenine in broth media may well select for purP mutants, the purP+ hpt gpt strain NE911 was grown only in minimal media with the required supplements, though it was stored in a mixture (2 : 1, v/v) of Luria broth and glycerol at -20 "C.
Various Hfr strains were mated with suitable derivatives of NE912 (Table 1) as the recipients. Because of its mutagenicity (Yajima et al., 1981) , 6-mercaptopurine was not a reliable selective Table 4 . Competition between 6-oxopurines for uptake agent for purP. Overnight cultures of unselected recombinants were pooled in batches of about 20 and growth was allowed to continue. Adenine uptake was then measured in washed bacteria prepared from these mixed cultures. Anticlockwise transfers from the 54 or PO2 origins showed purP + to enter after metB. Recombinants resistant to both tetracycline and spectinomycin were isolated after interrupted matings between a spontaneous spectinomycin-resistant derivative of Hfr KL14 and NE934. The purP+ gene appeared to enter 5 to 10 min before metB+ indicating that thepurP gene is between 79 and 84 min on the genetic map (Bachmann & Low, 1980) in the neighbourhood of mtl.
Uptake of purines other than adenine Given the appropriate phosphoribosyltransferases, purP strains take up hypoxanthine, guanine and xanthine at rates comparable with those in wild-type strains. There was strong competition between hypoxanthine and guanine and weaker competition between xanthine and guanine ( Table 4) . These results were obtained with a gpt+ hptdeoD strain for the uptake of guanine and xanthine and a hpt+ gpt deoD strain for the uptake of hypoxanthine. The main sites of competition must lie in the transport systems in view of competition data for the two phosphoribosyltransferases .
It is concluded that a single transport system does not serve for all three of the 6-oxopurines because 50 pM-hypoxanthine has little effect on xanthine uptake.
DISCUSSION
Energetics
The effects of energy poisons on the uptake processes and on the levels of ATP and PRPP in an uncA strain confirm that entry of adenine, hypoxanthine and uracil into E. coli is energized by the protonmotive force. They give no evidence for the view based on work with uncA+ strains (Roy-Burman et al., 1978) that energy for the transport is directly derived from ATP or a related metabolite. Free purines or pyrimidines can be excreted from energized E. coli when nucleotides are being used. The ability to detect active concentration could conceivably be limited by there being two processes with different energetics in each direction and allowing rapid exit during the washing for uptake measurements.
Occurrence of permease mutations This is the first description of a mutant in bacteria affecting adenine permeation. The E. coli system acts primarily with adenine alone, but is not entirely specific because independent K . B U R T O N permease mutants have acquired some resistance to both 6-mercaptopurine and 2,6diaminopurine. There is only 50% inhibition of the adenine uptake system in the presence of a 250-fold excess of hypoxanthine (Table 3 ). The systems detected in lower eukaryotes (see Introduction) have broader specificities.
Competition experiments in purP strains of E. coli indicate at least two additional purine transport systems that act on the three 6-oxopurines, guanine, hypoxanthine and xanthine ( Table 4 ). Mutants affecting guanine transport have been reported in Salmonella typhimurium. Thakar & Kalle (1968) described a permease mutant with little ability to take up guanine from low concentrations. The guaP mutation of Benson et al. (1980) may not represent a high-affinity transport defect because their defective CB3 strain takes up 0.3 pM-guanine appreciably under my experimental conditions. Also, I have found no defect in the two E. coli strains with nadC deletions that were reported to be defective in guanine transport by Benson et al.
The purP gene is located in the neighbourhood of mtl away from any known gene for purine biosynthesis, nucleotide interconversion, or cytosine transport (Lind et al., 1973) . I am greatly indebted to Mrs D. Fittes for skilled, willing and determined technical assistance and to Dr R. G. Lloyd, among others, for bacterial strains.
